Abstract The P 1B -ATPases are integral membrane proteins that couple ATP hydrolysis to metal cation transport. Widely distributed across all domains of life, these enzymes have been previously shown to transport copper, zinc, cobalt, and other thiophilic heavy metals. Recent data suggest that these enzymes may also be involved in nickel and/or iron transport. Here we have exploited large amounts of genomic data to examine and classify the various P 1B -ATPase subfamilies. Specifically, we have combined new methods of data partitioning and network visualization known as Transitivity Clustering and Protein Similarity Networks with existing biochemical data to examine properties such as length, speciation, and metalbinding motifs of the P 1B -ATPase subfamily sequences. These data reveal interesting relationships among the enzyme sequences of previously established subfamilies, indicate the presence of two new subfamilies, and suggest the existence of new regulatory elements in certain subfamilies. Taken together, these findings underscore the importance of P 1B -ATPases in homeostasis of nearly every biologically relevant transition metal and provide an updated framework for future studies.
Introduction
The P-type ATPases are a superfamily of integral membrane proteins that utilize energy derived from ATP hydrolysis to transport ions across cellular membranes [1, 2] . Widely distributed among all kingdoms of life, these multidomain proteins mediate fundamental processes, including transport of H ? , Na ? /K ? , Ca 2? , transition metal ions, and even phospholipids [1] [2] [3] [4] [5] . Over the years, these proteins have been subdivided into five classes (Table 1) based on substrate specificity, sequence similarity, and overall architecture. Every P-type ATPase is composed of three conserved domains: (1) the transmembrane helix (TM) bundle that includes 6-10 TMs and provides the substrate translocation pathway; (2) the ATP-binding domain (ATPBD), which includes the nucleotide-binding domain (N-domain) and invariant and transiently phosphorylated Asp residue located in the phosphorylation domain (P-domain); and (3) the actuator domain (AD), which is believed to transmit changes in the ATPBD to the transmembrane region and to drive dephosphorylation ( Fig. 1) [6, 7] . The AD and ATPBD are soluble whereas the TMs are largely hydrophobic and are imbedded in the cellular membrane.
The best biochemically and structurally studied P-type ATPases are the ''hard'' cation transporters such as the Na ? /K ? ATPases (subclass 2), the H ? ATPases (subclass 3), and especially the sarcoplasmic/endoplasmic reticulum Ca 2? transporter (SERCA, subclass 2) [1, 2, 8] . Early biochemical studies on these ATPases were used to establish the Post-Albers catalytic cycle, which describes the P-type ATPase as alternating between two cation (or substrate) binding states (E1, E2) driven by ATP-mediated phosphorylation and dephosphorylation [9, 10] . Structural data on SERCA (and subsequently the Na ? /K ? and H
?
ATPases) revealed specific conformational changes that occur concomitantly with the E1/E2 transition [11] [12] [13] [14] . In addition to translocating redox inactive cations such as the alkali and alkaline earth metals, the P-type ATPases are also capable of translocating the redox active d-block metals (subclass 1B), linking these ATPases to overall cellular metal homeostasis. The maintenance of metal homeostasis is crucial for normal metabolic functions. Regulation of transition metals and their handling is of particular importance because many of these metals are redox active; unabated, Fentonlike chemistry can create reactive oxygen species that can destroy peptides, DNA, and cell walls [15, 16] . Nearly a third of all proteins contain a metal cofactor of some sort [17] , and insufficiencies in, or misloading of, transition metals in particular may cause metabolic stress [17, 18] . Thus, numerous regulatory mechanisms exist to control metal uptake, delivery, storage, and efflux [18] [19] [20] . Abnormalities in these processes are associated with metabolic defects in bacteria and plants [21, 22] , as well as diseases in humans. For example, anomalies of Fe uptake are linked to hereditary and neurological diseases such as hemochromatosis, Parkinson's syndrome, and Friedrich's ataxia [19, 23, 24] , whereas aberrations in the Cu ? -transporting P 1B -ATPases lead to Menkes syndrome and Wilson's disease [23, 25, 26] .
The P 1B -ATPases have the largest substrate scope and play an essential role in transition-metal homeostasis, although relatively little is known about these enzymes. Originally identified as copper and zinc transporters, recent biochemical studies have demonstrated a wider substrate range of the P 1B subfamily [27] [28] [29] [30] [31] . The P 1B -ATPases were initially divided into several subfamilies based on a combination of biochemical data and sequence similarities among several characterized enzymes [3, 5] . Specifically, differences in a conserved sequence of three amino acids located in TM4 (Fig. 2) were hypothesized to be responsible for discrimination among various metal substrates. It was then realized that various P 1B -type ATPases with identical TM4 identifiers were capable of translocating various metal substrates, and several lines of evidence implicate residues in TM5 and TM6 in formation of the high-affinity TM metal-binding site(s) [3, 4, 32, 33] . Additional levels of regulation derive from N-and C-terminal soluble metal-binding domains (MBDs) (Fig. 2) [3, 4] . Thus, differences in conserved residues, metal substrate specificity, and soluble MBDs have historically determined subtype designation. However, despite the ballooning amount of genomic information that has become available recently, a systematic analysis of the P 1B subfamilies has not been performed in nearly a decade [3] .
Here we have combined genomic data with the BLAST similarity function and new methods of data partitioning and network visualization known as Transitivity Clustering and Protein Similarity Networks [34] to analyze the P 1B -ATPases. In these techniques, single protein sequences or multiple similar protein sequences are represented as nodes [53] (points) on a map, and their relative connectivity or similarity (determined by an all-by-all BLAST expectation value) is represented as a series of edges (lines) among the nodes. This technique allows comparisons over large protein sequence data sets that would otherwise be intractable. In addition, using the suite of Cytoscape plug-ins [35] , we have been able to map various properties such as type of MBD, length, and specific sequence motifs to compare various subfamilies. This analysis reveals key new insights into the P 1B -ATPases, including the presence of new and emerging subfamilies as well as possible functional divergence among established subfamilies.
Materials and methods

Data sources
All P 1B -ATPase sequences were obtained from the Universal Protein Resource (UniProt) Knowledgebase and Reference Clusters (http://www.unprot.org) or the National Center for Biotechnology Information (http://www.ncbi. nlm.nih.gov/). For established subfamilies (P 1B-1 to P 1B-4 ), input sequences were obtained by standard protein-protein BLAST searches (blastp) using representative sequences as inputs (e.g. Archaeoglobus fulgidus CopA, Escherichia coli ZntA, Thermus thermophilus CopB). To prevent possible clustering bias, sequences with randomized expectation (E) values were obtained and used as inputs for the clustering models. For emerging subfamilies (P 1B-5 to P 1B-7 ), input sequences were obtained in a similar manner except representative sequences for the protein-protein BLAST were determined by the presence of a conserved fourth transmembrane helix (TM4) signature motif. Sequences for clustering models were similarly randomized by E value. For every subfamily, approximately 100 unique sequences with randomized E values were used, as well as subfamily representative sequences, except for the P 1B-7 subfamily, for which only 12 sequences are currently known (Table S1) , resulting in a total of 672 base sequences. Every sequence used represents its natural sequence length; no manually truncated data were used. The presence of the invariant DKTGT phosphorylation signature sequence and several strictly conserved amino acids in the AD and ATPBD were verified for each sequence via multiple sequence alignments that were performed using JalView v. 2.7 [36] implementing the ClustalW algorithm and the Blosum62 matrix [37, 38] . The predicted presence and number of TMs were determined using the TMHMM 2.0 online server (http:// www.cbs.dtu.dk/services/TMHMM/) [39] , the TMpred online server (http://www.ch.embnet.org/software/TMP RED_form.html) [40] , and the TOPCONS online server (http://topcons.net/) [41] .
Sequence similarity network generation
Sequence similarity networks were generated as described in [34] and [35] . Briefly, nodes were generated from obtained P 1B -ATPase sequences (vide supra), and edges (connectivities) were generated using the all-by-all BLAST Fig. 2 [35] with an initial BLAST threshold of 100, a Coverage Factor of 15, and a ''Sum of all Hits'' similarity function. Low levels of connectivity were removed using a numeric filter until the four historically established subfamilies began to appear, as determined visually. Optimal levels of connectivity were determined via use of the TransClust plug-in with an initial value range set from 80 to 140 and a step size of 1. The greatest F-measure of the data set was determined to appear at the Transitivity Clustering setting of 82, and this value was set and applied to the similarity network. Properties of interest (e.g. length, predicted MBD motifs, conserved TM amino acid sequences, domain, phylum, subfamily) were tabulated manually and overlaid onto the network using the Cytoscape VizMapper plug-in [35] . Properties such as length and conserved TM amino acid sequences were determined by visual inspection of each sequence. Domain and phylum were determined from taxonomy provided from the UniProt database. In some cases, the kingdom was used instead of the phylum for simplicity to minimize the number of phyla designators necessary in the figure (e.g. Metazoa for all animals). The presence and types of MBDs were determined in several ways. The presence of a CXXC motif was determined by manual inspection. Domains rich in metal-binding residues (His, Cys, Met, Asp, Glu) were identified based on the presence of C20 % composition of these residues prior to the onset of the first TM (N-terminal) or after the final TM (C-terminal). The presence of a hemerythrin-like (Hr-like) domain was determined by sequence alignments to the Acidothermus cellulolyticus and Sinorhizobium meliloti P 1B-5 -ATPase C-terminal extensions and the conservation of putative diiron site ligands as described in [42] and [30] . Predicted folds defined by various MBDs were determined using the profile hidden Markov models implemented on the HMMER database (http://hmmer.janelia.org/) [43] and annotated by the Pfam database (http://pfam.sanger.ac.uk/) [44] .
Genomic contextual data
Data used to illustrate the genomic neighborhoods of the P 1B-6 -and P 1B-7 -ATPases were obtained from manually curated databases as detailed in [45] and [46] . Putatively encoded proteins along open-reading frames (ORFs) are represented as arrows and are sized relative to one another; their annotation is taken directly from the database unless otherwise noted. Ferric uptake regulator (Fur) binding sequences are indicated and were identified based on known Fur sequences [46] for their respective prokaryote.
Results and discussion
Domain organization
The core structure of all P 1B -ATPases is likely very similar. Each P 1B -ATPase consists of 6-8 predicted transmembrane helices, a soluble AD, and a soluble ATPBD (in which the invariant DKTGT motif that contains the transiently phosphorylated aspartate residue is located). In addition, one or multiple soluble MBDs located at the N-or C-terminus may be present (Fig. 2) [4, 5] . The largest number of strictly conserved residues across all P 1B -ATPases is located in the AD or ATPBD, not in the transmembrane regions. This observation is consistent with previous analyses [47, 48] , and the expanded sequence alignment has allowed us to refine our designations for residues that are conserved in the P 1B -ATPases (Fig. 2a) .
The GE loop in the AD is preserved across all P-type ATPases and is responsible for driving dephosphorylation of the Asp residue in the ATPBD [6, 7, 14, 49] . Interestingly, in [90 % of the P 1B sequences, a Ser or Thr residue is found directly preceding the GE loop that may be involved in hydrogen bonding within the P-domain [47] . Moreover, there is a strictly conserved Asp residue near the N-terminus of the AD whose exact function is unknown. In the ATPBD, the final Thr in the DKTGTXT sequence (corresponding to Thr 1033 in Homo sapiens ATP7B, a common Wilson's disease mutation site [48, 50] ) is wholly conserved throughout our P 1B subset; one postulated function of this residue is to hydrogen bond with another sidechain to maintain structural stability throughout the ATPBD hinge region [48] . In many cases, this partner residue in the hinge region is an Asp; however, several P 1B sequences have a Thr in this position, suggesting incomplete conservation of this hydrogen-bonding pair. Closer to the C-terminus of the ATPBD is a completely conserved His residue (corresponding to His 1069 in HsATP7B, another common Wilson's disease mutation site [48, 50] ), which may be involved in nucleotide-protein interactions [48] . Another interesting observation is the strongly conserved S/TGD motif in the N-domain, the sidechains of which likely make direct contact with the beta and gamma phosphates and the ribose moiety of the ATP molecule [48] . These residues are strictly conserved across all P 1B -ATPases, suggesting a common mode of interaction with the ATP molecule across all subfamilies. Finally, there are two sequences, PXXK (unknown function) and GXGXND (defines part of the interface between the N-and P-domains [48] ), that appear to be wholly conserved across all P 1B sequences. Thus, comparison of hundreds of P 1B -ATPase sequences reveals conservation of specific residues that either directly contact ATP/ADP or drive transient interdomain interactions and are strictly conserved across all subfamilies [4, 47, 48, [51] [52] [53] , highlighting the common catalytic mechanism despite the family's wide substrate diversity and limited overall sequence conservation.
Subfamily classification
Our clustering data reveal the presence of numerous and distinct P 1B subfamilies, independent of any biochemical information. After filtering low-level edge connectivity and generating our initial set of clustering data, several strong node bundles readily appeared, suggesting distinct groups. Upon reviewing the initially clustered sequences, it was clear that these initial groups represented the four historically established subfamilies (P 1B-1 to P 1B-4 ) ( Table 2) , which are each known to possess distinct motifs in their respective protein sequences, and are known to be related at the biochemical level (vide infra). After further edge filtration and the application of the Transitivity Clustering method, several distinct clusters emerged that appeared to belong to both new and previously identified subfamilies (Fig. 3) . We have compiled and analyzed TM4 sequences, kingdom and phylum data, polypeptide length, and MBD information and superimposed these data onto the nodes (Figs. 3, 4 , 5, 6, S1). These results are summarized by subfamily below.
Established subfamilies P 1B-1 -ATPases
The P 1B-1 -ATPases are the best-characterized of the P 1B -type subfamilies [32, [53] [54] [55] [56] [57] , chiefly stemming from their involvement in Menkes syndrome and Wilson's disease in humans [25, 26, [58] [59] [60] [61] . The P 1B-1 sequences are composed of roughly 8 TMs: 6 TMs (1-6) that constitute the core ahelical bundle as well as two additional helices (A, B) ( Fig. 2) [3, 4, 53, 55] . Enzymes from the P 1B-1 subfamily are partly classified by the complete conservation of a CPC motif in TM4 (Figs. 2b, 3, 4) , as well as strong conservation of a YN(X) 4 P motif in TM5 and an MXXSS motif in TM6 (Table 3) [3, 62] . Members of the P 1B-1 subclass have been shown to transport Cu ? as well as Ag ? in organisms across all kingdoms of life (Table 2 ; Figs. 4b, 5) [54, 56, 63] . These enzymes are on average the longest of the P 1B -type ATPases (approximately 875-900 amino acids); however, this length is highly variable, ranging from 650 to 1,500 amino acids total (Fig. S1) . A. fulgidus CopA, a model ATPase for the P 1B-1 subclass, has been shown to bind two Cu ? ions in the transmembrane region: the first Cu ? ion is coordinated via two Cys residues (deriving from the CPC motif) and one Tyr residue, and the second Cu ? ion is coordinated via a novel collection of Asn, Met, and Ser residues [64] . Our data indicate that the latter three residues are nearly completely conserved, suggesting that this second TM metal-binding site may be a general phenomenon of this subclass.
Clustering data on the P 1B-1 subfamily reveal some interesting relationships. The protein sequences derive from all three domains of life (eukaryotic, archaeal, and prokaryotic) and represent a diverse array of organisms, from the large and multicellular (e.g. H. sapiens, Mus musculus) to the microscopic and unicellular (e.g. Saccharomyces cerevisiae, Helicobacter pylori, A. fulgidus) (Figs. 4, 5) , underscoring the importance of Cu ? transport across all species in nature. Interestingly, the P 1B-1 sequences display the largest difference in the overall length of the polypeptide chain of any subfamily (Fig. S1 ). Perhaps unsurprising, the longest of these sequences are those that derive from various eukaryotic organisms (Figs. 5, S1 ). Our clustering data and sequence analyses show that the high variability in overall sequence length is a consequence not of the number of TMs or lengths of loop regions, but rather of the diverse lengths of soluble N-terminal extensions that contain one or several tandem MBDs (Figs. 6, S1 ). Virtually every P 1B-1 sequence contains at least one MBD with a characteristic Cu ? -binding CXXCcontaining motif with one or several predicted ferredoxinlike folds (Fig. 6 ). These N-terminal extensions appear before the beginning of TMA and may also be rich (up to 30 % composition) in common metal-binding residues (Fig. 6a) . Notably, CopA from Streptococcus pneumoniae has been recently shown to contain an N-terminal cupredoxin-like fold that is capable of binding a dicopper center, instead of the more common ferredoxin-like fold (Fig. 6b ) [65] . In our data, this sequence does not cluster strongly with other P 1B-1 sequences and appears to be one of only two sequences lacking an N-terminal CXXC motif. The presence of this cupredoxin-like motif in SpCopA may be responsible for delivery of copper to the TM metal-binding site in this P 1B-1 . Additionally, in at least one case, the presence of a ferredoxin-like fold on both the N-and C-termini has been identified (Fig. 6b) [66] . In some instances, these MBDs have been shown to be able to receive Cu ? ions from Atx1-like metallochaperones, and Cu ? binding by these domains alters ATPase activity as well as intracellular localization of the enzyme [54, 67, 68] . The function of these MBDs remains controversial [32, [68] [69] [70] [71] [72] , but it would be logical for these domains to represent allosteric regulation in higher organisms, since metal homeostasis in eukaryotes is more complex than in prokaryotes, as has been previously suggested [32, 73] . Intriguingly, the Menkes syndrome (ATP7A) and Wilson's disease proteins (ATP7B) from human (H. sapiens), mouse (M. musculus), and rat (Rattus norvegicus) cluster strongly with other bacterial and archaeal P 1B-1 sequences despite a strong difference in overall sequence length, rather than with other eukaryotic sequences such as the Cu ? -transporting ATPases of similar length from yeast and other fungal organisms (e.g. S. cerevisiae, Komagataella pastoris, Vanderwaltozyma polyspora) (Figs. 5, 6 ). One notable observation is that the yeast and fungal N-terminal extensions bear a higher percentage composition (25-30 %) of metal-binding residues than those of the mammalian sequences in addition to the presence of one or several CXXC motifs (Fig. 6) . Interestingly, the mammalian sequences have the largest number of predicted ferredoxin-like folds despite bearing a lower percentage of metal-binding residues in the N-terminal domains (Fig. 6 ). These observations suggest that ATP7A and ATP7B may be more similar to bacterial homologs than to homologs in model fungal organisms (i.e. yeast) that are frequently used to study copper transport [23] .
P 1B-2 -ATPases
The well-characterized P 1B-2 -ATPases are involved in the maintenance of Zn 2? homeostasis as well as detoxification of thiophilic heavy metals such as Cd 2? and Pb 2? in bacteria and plants (Fig. 4b) (Table 2) [3, 4, 33, 74, 75] . Like the P 1B-1 -ATPases, these enzymes are composed of roughly 8 TMs, but are slightly shorter, averaging approximately 750 amino acids in length (Figs. 2b, S1 ). The P 1B-2 -ATPases contain a CPC motif in TM4 (Figs. 2,  4) , and also have a strongly conserved SXP sequence in TM4, a T(X) 6 QN(X) 7 K motif in TM5, and a DXG(X) 7 N motif in TM6 (Table 3) [3, 62] . Divergence from this trend occurs in 12 sequences in which a CSC motif aligns . The presence of a predicted type and fold of domain within the N-or C-terminal extensions are noted in panel B and are color-coded according to type and number of such domain. In both panels, gray nodes represent the lack of an identified MBD strongly with the TM4 CPC motif, but we speculate that these sequences may represent a distinct subfamily (vide infra). Interestingly, the previously characterized TM5 Lys residue necessary for Zn 2? transport in E. coli ZntA [76] is conserved in all but four of the sequences; however, it appears that those sequences that bear an Asn or Gln in this position instead of Lys do not cluster strongly with the other P 1B-2 s, suggesting that this substitution is uncommon.
In contrast to the Cu ? transporters, mutagenesis and XAS studies indicate that only one Zn 2? ion interacts directly with the TM region of E. coli ZntA, and it has been suggested that differences in geometric preferences at a single tetrahedral binding site, as well as residues lining the TM metal-binding channel, select for zinc over copper in the high-affinity TM metal binding sites of these transporters [62, 77, 78] . Like the P 1B-1 subfamily, the majority of the P 1B-2 subfamily sequences include one or several soluble MBD(s). However, these domains come in different types and may be an N-terminal extension with one or many CXXC motif(s) contained within one to three ferredoxin-like folds, a C-terminal extension rich in metalbinding amino acids, or both (Fig. 6 ). These metal-binding domains have been shown to coordinate both Zn 2? and Cd 2? in bacteria [74, 75] , but much less is known about coordination by the His-and Cys-rich domains that are common in plants [79, 80] . It is speculated that these domains represent a regulatory element in the P 1B-2 -ATPases [3, 81] .
Clustering data on the P 1B-2 -ATPases indicate strong similarities among members of this subfamily (Fig. 3) . Like the P 1B-1 -ATPases, the P 1B-2 sequences derive from organisms that span the various domains of life, and many sequences of high similarity have been identified in bacterial and plant species (Fig. 5) , likely owing to the dual role of this subfamily in Zn 2? transport as well as Cd 2? and Pb 2? detoxification [5, 22, 82] . In fact, Arabidopsis thaliana has at least three P 1B-2 -ATPases (HMA2-4) of various lengths and cellular localizations, although there seems to be some redundancy [83] [84] [85] [86] . The P 1B-2 sequences appear to cluster strongly not based on length, but rather according to type of N-and C-terminal MBDs despite diversity among the parent phyla, with those bearing ferredoxin-like motifs, several metal-binding residues, and/or both clustering distinctly (Figs. 5, 6, S1 ). Interestingly, clustering data indicate that ZntA from E. coli, a model enzyme for this family [87] , diverges strongly from the core of bacterial and archaeal enzyme sequences (Fig. 4b) . Furthermore, strong clustering centered about CadA from Staphylococcus aureus suggests this enzyme may be more representative of the P 1B-2 subfamily despite the paucity of information that exists on this system [75, 88] .
P 1B-3 -ATPases
The P 1B-3 -ATPases are an interesting set of oxidation statespecific Cu 2? transporters [3, 4, 89] . Sequences from this subfamily may have up to 8 TMs, although they average only approximately 700 amino acids in length (Figs. 2b,  S1 ). A unique identifier of these sequences is the strict conservation of a CPH motif in TM4 (Fig. 4) . A GYN(X) 4 P motif in TM5 and a MSXST motif in TM6 are also strongly conserved (Table 3) [3, 89] . Unlike the previous subtypes, the P 1B-3 -ATPases have only been discovered in bacterial and archaeal species thus far (Fig. 5) , and the best-characterized enzyme of this subfamily is CopB from A. fulgidus, T. thermophilus, and Enterococcus hirae [89- [90, 91] . Consistent with their role as Cu 2? transporters, the majority of the P 1B-3 -ATPases have soluble N-terminal extensions that are rich in His residues, and some of these extensions have CXXC motifs (but not ferredoxin-like folds) (Figs. 2b, 6 ). The predominance of His residues in these domains is likely a consequence of the better hard Lewis acid-hard Lewis base match of the Cu 2? substrate and the nitrogen imidazole lone pair from the His sidechain. These His-rich N-terminal extensions appear to be necessary for maximal ATPase function [89] , but no structural or spectroscopic data have elucidated the precise interaction of Cu 2? with these domains.
Clustering data on the P 1B-3 -ATPases illustrate strong similarities among these sequences and demonstrate the least divergence of any subfamily (Fig. 3) . Despite the disparate nature of the phyla represented (Fig. 5) , the core similarities among these sequences are evidenced by the tight clustering data. In fact, the only discrimination in this subfamily appears to be that of length (Fig. S1 ). For example, the P 1B-3 sequence from Fibrisoma limi is predicted to have an unusually long (approximately 200 amino acids) N-terminal extension of unknown function, whereas the P 1B-3 sequence from Nitrosococcus halophilus is predicted to have an approximately 200 amino acid-long C-terminal LysM-like domain (Fig. 6b) . These extensions do not appear to be rich in metal-binding residues and likely play a completely different role. The presence of a TM4 CPH motif in both of these outliers suggests that they still transport Cu 2? .
P 1B-4 -ATPases
Of the established subfamilies, the most recently identified and characterized are the Co 2?
-transporting P 1B-4 -ATPases, which are some of the simplest and shortest P 1B -ATPases. The P 1B-4 -ATPases average approximately 700 amino acids in length and 6 TMs, have a completely conserved SPC motif in TM4, and bear a strongly conserved HEGT motif in TM6 (Table 3) (Figs. 2b, 4, S1 ). Early bioinformatic and phenotypic evidence implicated these P 1B -ATPases in cobalt transport [92] . However, some controversy surrounded this subfamily's metal substrate until recently; various pieces of evidence had suggested involvement of these enzymes in Zn 2? transport [93] [94] [95] . While these early studies examined gene expression and/or culture and plant growth without studying the intact enzyme, biophysical characterization and activity assays on the purified ATPases sCoaT from Sulfitobacter sp. NAS-14.1 and CtpD from Mycobacterium smegmatis clearly demonstrated that these members of the P 1B-4 subfamily are specific for Co 2? [27, 29] , strongly suggesting that Co 2? is at least one metal substrate for the entire subfamily. Interestingly, EXAFS and activity data on sCoaT showed that the completely conserved Cys residue in the TM4 SPC motif (Fig. 2b) is necessary for optimal activity, but this residue does not ligate the Co 2? ion, at least in the E1-metal bound state [29] . However, it is speculated that this residue may be involved in metal efflux.
Clustering data on the P 1B-4 subfamily indicate a strong divergence among its members (Fig. 5) . The protein sequences in this subfamily are chiefly derived from bacterial organisms, although some predicted eukaryotic sequences with the TM4 SPC signature motif have been identified in Streptophyta. Unlike the P 1B-1-1B-3 subfamilies, the sequence clustering here is more sporadic, suggesting less overall sequence conservation among this subfamily. Furthermore, the loose clustering data on this subfamily may suggest that there is a functional divergence in the P 1B-4 -ATPases. Support for this argument derives from a recent study that demonstrated ATPase activation by both Co 2? and Ni 2? for M. tuberculosis CtpD and CtpJ [28] , the results of which contrast with metal-specific stimulation demonstrated for sCoaT and MsCtpD; however, no direct interactions of either Co 2? and Ni 2? with the TM region in MtCtpD, MtCtpJ, or MsCtpD have been shown. Interestingly, while on average the P 1B-4 -ATPases are relatively short in length, several new members of this subfamily have been identified that are predicted to contain soluble N-terminal extensions of *150 amino acids prior to the onset of TM1 that are rich in common metal-binding residues, including in some cases a CXXC ferredoxin-like motif (Figs. 4, 6b) . These N-terminal extensions have not been functionally characterized, and it is not yet known whether these residues form a consensus motif similar to other known metal-binding signatures, but we speculate that these MBDs impart an added level of metal specificity and/or regulation.
Emerging subfamilies P 1B-5 -ATPases
The presence of the P 1B-5 subfamily was suggested nearly a decade ago based on the identification of five P 1B -ATPase sequences containing a unique PCP motif in TM4 and a strongly conserved QEXXD motif in TM6 (Table 3) (Fig. 2b) [3] . We have identified several hundred sequences that maintain these characteristics. The enzymes of the P 1B-5 subfamily average approximately 700 amino acids in length with approximately 6 TMs, similar to the P 1B-4 subfamily. However, the identity of the subfamily's metal substrate(s) is still unknown. Interestingly, in approximately 25 % of the known P 1B-5 sequences, a Hr-like domain is found as a predicted 100-200 amino acid C-terminal extension (Figs. 2b, 6 , S1). Studies on the isolated, soluble Hr domain of the P 1B-5 -ATPase from A. cellulolyticus [42] as well as the full-length P 1B-5 -ATPase from S. meliloti [30] have suggested that either iron or nickel may be the biologically relevant substrate for this subclass. There is a strong sequence similarity between the P 1B-5 Hr-like domains and the Hr-like domain of the protein FBXL5, which senses the presence of iron in mammalian systems [96] [97] [98] [99] , suggesting that the Hr-like domain may regulate P 1B-5 -ATPase activity in response to iron availability.
Clustering data emphasize the split nature of P 1B-5 subfamily (Fig. 3) . All members include the PCP motif in TM4 (Fig. 4) , and only bacterial P 1B-5 -ATPases have been identified thus far (Fig. 5) . However, the sequences appear to cluster based on the apparent length (long, medium, and short), with the longest sequences (and largest cluster) arising from those containing a Hr-like extension on their C-terminus, and the shortest sequences consisting chiefly of the minimal core structure (similar to the P 1B-4 subfamily), with only one outlying sequence that appears to have a poly metal-binding residue motif that is not a Hrlike domain (Figs. 6, S1 ). Interestingly, the sequences from gram-positive firmicutes, which represent the secondlargest number of unique organisms that contain P 1B-5 -ATPases (Fig. 5b) , exclusively lack the Hr-like domain. Recent phylogenetic analyses of bacterial Hr proteins have implicated firmicutes in having the largest global distribution of single-domain Hrs of any of the gram-positive bacterial phyla [100, 101] . By contrast, actinobacteria, which represent the largest number of unique P 1B-5 sequences, but endogenously produce very few singledomain Hrs, have a C-terminal Hr-like domain in nearly 60 % of their P 1B-5 sequences (Figs. 5b, 6a) . A similar distribution occurs in the gram-negative proteobacteria, although the sample size is smaller. An examination of the genomic contexts of the firmicute, actinobacterial, and proteobacterial sequences reveals that nearly 50 % of the putative P 1B-5 sequences lie downstream of small (50-160 amino acids) hypothetical uncharacterized proteins, many of which contain CXXC or CXXS sequences and ferredoxin-like folds or are rich in metal-binding residues such as Met, Cys, His, Asp, or Glu. In at least one instance, the putative P 1B-5 -ATPase from Xanthobacter autotrophicus is directly downstream of a hypothetical rubrerythrin protein, which contains both a diiron site and a rubredoxin-like motif [45] .
One hypothesis is that the Hr-like domain functions in a regulatory manner, similar to other MBDs of the P 1B -ATPases. In this scenario, the clustering and bioinformatic results suggest that regulation of the P 1B-5 subfamily may be a general phenomenon and can be achieved by a separate accessory protein or by a fused C-terminal MBD. A further complication is the predicted presence of a fused cytochrome b 561 N-terminal extension for the P 1B-5 -ATPase from several of the Burkholderia species [42] . The presence of a regulatory protein or domain in this subfamily might be consistent with an iron transport function, but further experimental data are clearly required to understand the P 1B-5 -ATPases.
P 1B-6 -ATPases
The presence of a P 1B-6 subfamily has been suggested previously [3] ; however, it appeared as if this subfamily originally existed as a catch-all for the few apparent P 1B -type ATPases with variant TM4 designators (e.g. APC, CPS). Recent BLAST searches of the P 1B-5 subfamily revealed the presence of several P 1B -type ATPase sequences with poor E values that contain the signature DKTGT cytoplasmic phosphorylation motif, but are otherwise dissimilar from the P 1B-5 subfamily. A BLAST search of these first unique sequences from Desulfovibrio piger and D. desulfuricans retrieved several hundred apparent P 1B -type ATPases with high sequence similarity. Given the large number of sequences, we have designated this subfamily the P 1B-6 -ATPases. The protein similarity network analysis of these sequences reveals that they indeed cluster distinctly from those of the other subfamilies (Fig. 3 ) and all contain a unique SCA motif that aligns strongly with the TM4 motif of other P 1B subfamilies (Figs. 2b, 4) . Present mainly in bacteria and archaea (Fig. 5) , these sequences average approximately 700 amino acids in length, although they are highly variable (Fig. S1 ). While the average P 1B-6 sequence appears to have approximately 6 TMs (Fig. 2b) , for several sequences in this subfamily the predicted consensus TM topology of the average sequence length places the AD between TM3 and TM4, the SCA motif within TM5 (not TM4), the ATPBD between TM5 and TM6, and a completely conserved TXXNHN motif in TM6 (Table 3) (Fig. 2b) . Interestingly, the predicted number of TMs in these sequences is highly variable, and some sequences have as few as 4 TMs (e.g. Eubacterium siraeum DSM 15702) and as many as 12 TMs (e.g. D. vulgaris strain Miyazaki F/DSM 19637). Should the former case be correct, this predicted topology suggests the ATPBD and its following residues would define not only the N-and P-domains, but also the C-terminus including the completely conserved TXXNHN motif (Fig. 2b) , departing from the common topology of all other P 1B -type ATPases. Data from these prediction algorithms should be viewed with caution since these predictions are not always reliable; however, it seems likely that this subfamily may be unique among the P 1B -ATPases. Additionally, in several sequences the predicted topology of these enzymes places the soluble N-and C-termini opposite of the soluble AD and ATPBD, suggesting that these enzymes may function as importers rather than exporters. Although most P 1B -type ATPases are thought to function in metal export, a controversial role in metal import has been suggested for some systems [102] [103] [104] .
A possible role for the P 1B-6 subfamily in iron import is suggested by the genomic context of several sequences. For example, in Rhodospirillum rubrum (ATCC 11170), a Fur binding site is located at the beginning of an operon encoding four putative proteins: a hypothetical protein, an ABC transporter permease component, another hypothetical protein, and finally a P 1B-6 -ATPase (Fig. 7) [45, 46] . A similar genomic organization is present for several of the Desulfovibrionales P 1B-6 sequences. Specifically, downstream of Fur binding sites in D. vulgaris (Hildenborough) and D. vulgaris (str. Miyazaki) are operons encoding two hypothetical proteins that sandwich a P 1B-6 -ATPase (Fig. 7) [45, 46] . This operon architecture bears some resemblance to the better characterized Feo system (FeoA/ B/C) that drives Fe 2? uptake from the environment of several bacteria [105, 106] . In this system, FeoA functions as an Fe 2? -binding protein that likely delivers iron to FeoB, an inner membrane GTPase that functions to import Fe 2? . Less is known about FeoC, but it is believed that FeoC functions as a transcriptional regulator and responds to bioavailable iron levels [105] [106] [107] . A similar threecomponent system under Fur regulation is evident in the operon architecture of the P 1B-6 -ATPases from Desulfovibrionales; in fact, FeoA is predicted to lie within an ORF just upstream of the P 1B-6 -ATPase in D. piger (ATCC 29098). It is tempting to speculate that these ATPases may function in a manner similar to the FeoB GTPase in Fe 2? import, either to substitute for a lack of a distinct FeoB protein or to complement an already functioning and complete Feo system. Some circumstantial evidence has previously implicated iron as a potential P 1B -type ATPase substrate, but no assays on purified ATPases were performed in these studies [108, 109] . Further characterization at the biochemical level will be necessary to decipher the possible role of the P 1B-6 -ATPases in iron transport.
P 1B-7 -ATPases
Finally, there is evidence for a seventh subclass, the P 1B-7 -ATPases. These sequences, of which only 12 exist, average approximately 660 amino acids and 6 predicted TMs (Figs. 2b, S1 ). The P 1B-7 sequences were originally identified based on the presence of a CSC motif in TM4 (Figs. 2b, 4 ), but clustering data on this emergent subtype suggest that there is a strong similarity between these sequences and those of the bacterial P 1B-2 sequences (Figs. 3, 4) . Most of the currently identified sequences derive from S. epidermidis and related species that are opportunistic bacteria implicated in nosocomial infections [46] ; the genomic context of nearly every sequence displays an ORF encoding for the P 1B-7 -type ATPase sandwiched by a putative and small heavy metal-associated protein that may contain a ferredoxin-like fold and a putative helix-turn-helix (HTH) transcriptional regulator (Fig. 7) [45, 46] . Several of these transcriptional regulators are predicted to be responsive to the presence of metals, such as the zinc/cobalt sensor CzrA and the arsenic/antimony sensor ArsR [110] . The putative P 1B-7 -ATPase from S. epidermidis (VCU045) lies upstream of a putative HTH transcriptional regulator that bears high sequence homology ([50 % identity) to ArsR from S. hominis and E. faecium. These data suggest that the P 1B-7 -ATPases may play a role in metal resistance as a virulence determinant for S. epidermidis and related species.
Unclassified subtypes
Several P 1B -ATPase sequences are difficult to classify. Most notably, the recently characterized Mn 2? -transporting CtpC from M. tuberculosis contains a TM4 CPC motif [31] . However, clustering analyses show that this sequence and others related to it (chiefly derived from Mycobacteria and related species) are distinct from the P 1B-1 and P 1B-2 sequences that also contain a TM4 CPC motif (Figs. 3, 4) . This finding correlates with biochemical data showing that these ATPases preferentially transport Mn 2? over Cu ? or Zn 2? ; it is speculated and complemented by mutational data that distinct amino acid residues in TM6 are responsible for the selectivity of Mn 2? over other metals [31] . Whether these enzymes represent a distinct subclass or are evolutionary adaptations from a previously existing subclass that are necessary for the establishment of virulence in select organisms is unknown. Fig. 7 Genomic contexts of emerging subfamilies. a Genomic context of several P 1B-6 -ATPases from select organisms. The presence of a ferric uptake regulator (Fur) binding site is indicated by an inverted triangle. b Genomic context of a representative P 1B-7 -ATPase from S. epidermidis; every P 1B-7 -ATPase that has been identified thus far displays a very similar context. Genomic information was retrieved from manually curated databases as indicated in [45] and [46] . In both figures, ORF lengths are all relative to one another
Conclusions
In this work, we have updated the classification of the P 1B -ATPases. Using genomic data, we have analyzed protein trends in the historically established Cu ?/2? -, Zn 2? -, and Co 2? -transporting P 1B subfamilies. Moreover, we have used new genomic and biochemical data to examine emerging subfamilies of the P 1B -TPases that appear to have functional roles in manganese, iron, and nickel transport. These findings suggest that the P 1B -ATPases are connected to maintaining cellular homeostasis of nearly every biologically relevant first-row transition metal. In addition, these data provide an updated guiding framework for future genetic, biochemical, biophysical, and enzymatic characterization.
